. Both a-and c-type transitions are observed for the Ar-propane complex. The c-type transitions are much stronger indicating that the small dipole moment of the propane ͑0.0848 D͒ is aligned perpendicular to the van der Waals bond axis. While the 42 transition lines observed for the primary argon complex are well fitted to a semirigid rotor Hamiltonian, the neon complexes exhibit splittings in the rotational transitions which we attribute to an internal rotation of the propane around its a inertial axis. Only c-type transitions are observed for both neon complexes, and these are found to occur between the tunneling states, indicating that internal motion involves an inversion of the dipole moment of the propane. The difference in energy between the two tunneling states within the ground vibrational state is 48.52 MHz for 20 Ne-CH 3 CH 2 CH 3 and 42.09 MHz for 22 Ne-CH 3 CH 2 CH 3 . The Kraitchman substitution coordinates of the complexes show that the rare gas is oriented above the plane of the propane carbons, but shifted away from the methylene carbon, more so in Ne propane than in Ar propane. The distance between the rare gas atom and the center of mass of the propane, R cm , is 3.823 Å for Ar-propane and 3.696 Å for Ne-propane. Ab initio calculations are done to map out segments of the intermolecular potential. The global minimum has the rare gas almost directly above the center of mass of the propane, and there are three local minima with the rare gas in the plane of the carbon atoms. Barriers between the minima are also calculated and support the experimental results which suggest that the tunneling path involves a rotation of the propane subunit. The path with the lowest effective barrier is through a C 2v symmetric configuration in which the methyl groups are oriented toward the rare gas. Calculating the potential curve for this one-dimensional model and then calculating the energy levels for this potential roughly reproduces the spectral splittings in Ne-propane and explains the lack of splittings in Ar-propane.
I. INTRODUCTION
The structure and dynamics of many complexes have been analyzed spectroscopically, but there are certain limitations and it is becoming increasingly clear that we will have to rely on ab initio calculations to aid in the interpretation of experimental results and, perhaps, even to replace them. Complexes involving alkanes are prime examples for which the feasibility of experimental studies is uncertain because of low dipole moments, weak interactions, and spectral complexity. Even the simple propane dimer is probably invisible to the microwave spectroscopist-ab initio calculations have found that the minimum energy structure has a zero dipole moment. If we are going to use ab initio calculations in place of experimental results, we need to be confident of their reliability. The increase of desktop computing capability has made high-level structural calculations of van der Waals complexes more readily available to the experimentalist, opening the way for a useful synthesis of theory and experiment. Recently, Jäger and co-workers have taken this approach in their studies of Ar-CH 4 , Kr-CH 4 , and Xe-CH 4 . 1,2 They were able to combine high-level ab initio calculations with high resolution microwave spectroscopy to illuminate the effects of the anisotropy of the interaction potential. One conclusion derived from their work is that the rare gas tends to orient itself in a position which maximizes its interaction with the most polarizable part of the methane-the carbon atom. Unfortunately, since the methane molecule undergoes almost free internal motion within the complex, a direct comparison between the theoretical and experimental results was limited. Rare gas complexes with ethane would likely exhibit the same difficulties, but propane, with its bent structure, could be more restricted, thereby simplifying the results. Since it is evident that atomic polarizability is an important component in the rare gas interactions, we would expect that a rare gas atom ͑Rg͒ would bind to the propane in such a way as to minimize the distance between all three carbon atoms, that is, above the plane defined by the carbon atoms. In fact, as we report in this paper, this is the case for Rg-propane, and we are able to evaluate more directly ab initio calculations with an experimentally derived structure.
At its equilibrium geometry, the propane molecule has C 2v symmetry. Each methyl group has one hydrogen atom which is coplanar with the carbon atoms, directed away from the C 2 axis. 3 The methyl groups encounter a relatively high internal rotation barrier of about 1100 cm −1 , so the spectral splittings caused by this motion are not expected to be observed in a van der Waals complex. A much lower barrier is expected for an internal rotation of the propane relative to the rare gas atom since the intermolecular interaction is weak, but the motion involves heavy off-axis atoms so the splittings caused by this motion could also be too small to be observed. Although we find no evidence for this internal motion in Ar-propane, it is clearly exhibited by relatively large splittings observed in Ne-propane.
In this paper, we report the experimentally derived structures of Ar-propane and Ne-propane and present results pertaining to the dynamics within the complexes. Ab initio calculations are also done both to help interpret the observed results and to determine the level of theory required to accurately describe the geometry and energetics of a weakly bound complex.
II. EXPERIMENT
The microwave spectra of Ar-C 3 H 8 , Ar- 13 C 3 H 8 , 20 Ne-C 3 H 8 , and 22 Ne-C 3 H 8 were measured using the pulsed jet Fourier transform microwave spectrometer constructed at Wesleyan University. 4 This spectrometer, described in detail previously, has been upgraded with improved microwave circuitry and automated scanning capability. In addition, the pulsed jet, which was originally set to expand perpendicularly into the microwave cavity, is now positioned to expand coaxially. This increases the sensitivity because of the longer residence time of the complexes in the cavity. The resolution is also greatly increased because the Doppler broadening, which occurred in the original jet configuration, is minimized. Instead, a frequencydependent Doppler shifting doubles the lines. For example, the 1 10 -0 00 transition of Ar-C 3 H 8 at 9114 MHz, shown in Fig. 1 , is shifted by approximately ±15 kHz. The reported frequencies are the average of the two Doppler components.
The pulsed jet expansion conditions were typical for weakly bound complexes. To synthesize Ar-C 3 H 8 and Ar-13 C 3 H 8 complexes, a 1% mixture of propane in argon was expanded through a 0.5 mm pulsed nozzle with a backing pressure of about 0.7 atm. A set of 42 transitions were assigned to Ar-C 3 H 8 and five transitions were observed for naturally abundant Ar-13 C 3 H 8 . We also observed known transitions of H 2 O-propane and Ar-H 2 O transitions due to residual H 2 O in the gas line. The microwave cavity into which the gas was expanded was tunable between 5 and 26.5 GHz. Although we did not measure the dipole moment, crude evaluations of the dipole moments could be made by noting the effects of changing the microwave power on the individual transitions. Thus, we found that while the H 2 O complexes could be observed at low power, the Ar-propane transitions required very high power, as would be expected for a complex with a low dipole moment. The dipole moment of propane is only 0.0848 D, 5 and the induced dipole moment within such a weakly bound complex is expected to be much less than 0.1 D. 20 Ne-C 3 H 8 and 22 Ne-C 3 H 8 complexes were observed by using a mixture of 0.5% propane in neon with a backing pressure of about 2 atm. The signal intensities of the transitions were much lower than those of Ar-C 3 H 8 , as would be expected for a more weakly bound and, thus, less populated complex. Even with the lower intensities, 22 Ne-C 3 H 8 transitions could be observed because of the relatively high natural abundance of 22 Ne ͑8.9%͒.
III. SPECTROSCOPIC RESULTS
The transitions observed for Ar-propane are listed in Table I . The transitions are fitted with the following Watson "S" reduction Hamiltonian 6 in a I r -representation using the SPFIT fitting program of Pickett,
With 9 constants, the 42 lines of the Ar-C 3 H 8 are fitted with a standard deviation of 2.5 kHz. The fitted constants are given in Table II . Five transitions are observed for the isotopomer Ar-13 C 3 H 8 in natural abundance, and these are listed in Table III . The Ar-13 C 3 H 8 transitions are fitted by setting the quartic constants equal to those obtained for Ar-12 C 3 H 8 . The resulting rotational constants are given in Table III . We assume that these rotational constants correspond to Ar-13 CH 3 CH 2 CH 3 rather than Ar-CH 3 13 CH 2 CH 3 because our structural evaluation is more consistent with this identification and, also, because the former complex is twice as abundant. We looked extensively for another isotopomer, but the transitions were too weak to be observed.
In general, the c-type transitions are much stronger than the a-type transitions, implying that the dipole moment along the van der Waals bond axis is much smaller than that along the c axis of the complex. This suggests that the propane symmetry axis is parallel to the c axis of the complex ͓see Fig. 2͑a͔͒ since propane has a dipole moment in that direction. Since argon is very weakly bound to propane, the propane molecule is expected to encounter a relatively low bar- rier to an internal motion. If the barrier is low enough, we would expect to see a second set of transitions offset by an amount related to the height of the barrier. Although we do not see additional transitions for Ar-propane, these were observed for Ne-propane. This is similar to the spectra observed for rare gas-cyclopropane complexes. 8 Two sets of c-type transitions, separated by 65-90 MHz, could be definitively assigned for each of the Ne-propane complexes and these are listed in Table IV . The doubling of each transition is indicative of the presence of an internal motion which splits each rotational level into lower and upper tunneling states. Depending on the relevant internal motion, transitions could be within a tunneling state or between tunneling states. We found that the best fit occurred with c-type transitions allowed between the tunneling states. The v = 0 and v = 1 energy levels were calculated using separate semirigid rotor Hamiltonians, offset from each other by ⌬E. Transitions between these levels were fit to the observed transitions. No coupling between the two states was necessary for a good fit.
For 20 Ne-propane, we set C = CЈ and D J = D J Ј, so that the ten transitions were fit with seven parameters. Only six transitions were observed for 22 Ne-propane, so we set A = AЈ and C = CЈ. Furthermore, to limit ourselves to five parameters, both D J and D J Ј were set to be equal to that of 20 Ne-propane ͑see Table V͒. An energy level diagram showing the observed c-type transitions of 20 Ne-propane is given in Fig. 3 . Also shown are the predicted a-type transitions. Only c-type transitions were observed because of the low overall signal intensity. Both the concentration of Ne-propane in the beam and the dipole moment of Ne-propane along the a axis are expected to be smaller than for Ar-propane because of the lower polarizability of the Ne atom. Notice that the a-type transitions occur within each set of internal rotor states. Group theoretical arguments discussed later in this paper support this prediction.
IV. STRUCTURAL ANALYSIS

A. Argon-propane complexes
For most weakly bound binary complexes, the a inertial axis is aligned quite closely with the line connecting the 11 9 088.250͑−2͒ 6 06 -5 14 9 879.456͑5͒ 4 14 -3 13 11 367.676͑−2͒ 2 21 -3 13 
rms ͑kHz͒ 2.5 centers of mass of the two subunits. When one of the subunits is an atom, as is the case for Rg-propane, the moment of inertia around the a axis, I a , is predominantly due to the inertial tensor of the molecular subunit rotated in the axis system of the complex. From the measured rotational constants of propane, given in Table VI , we see that C is only about 100 MHz different from the A rotational constant of Ar-propane. The fact that these two constants are similar indicates that the c axis of propane is approximately aligned with the a axis of the complex. This results in a structure with the argon atom above the plane of propane carbons, which is in agreement with the difference in transition strengths observed for the a-and c-type transitions. A structure in which the axis system of the complex is aligned with that of propane is shown in Fig. 2͑a͒ . To avoid confusion, we will use ␣, ␤, and ␥ to symbolize the a, b, and c axes of propane. A more refined structural determination can be made by using Kraitchman's method, 9 which compares the moments of inertia of an isotopically substituted compound with those of the parent species to calculate the absolute value of the position of the isotopically substituted atom. Even though only one Ar isotope is observed, the position of the argon atom relative to the propane can be found by comparing the rotational constants of propane and of Ar-propane, where propane is taken as the parent species. This effectively corresponds to an isotopic substitution of the argon atom from a mass of 0 amu to a mass of 39.962 amu. See Refs. 10 and 11 for more details about this procedure. The resulting coordinates for the argon atom in the propane principal axis system are ͑x ␣ , x ␤ , x ␥ ͒ = ͑0.23i Å , 1.375 Å , 3.575 Å͒. The imaginary value for x ␣ arises from the fact that the square of x ␣ , which is the parameter calculated by Kraitchman's equation, is negative. This nonphysical result is representative of the unreliability of Kraitchman's method for small coordinates involved in large amplitude motions 12 and leads us to suspect that the equilibrium value of x ␣ is close to zero. Figure 2͑b͒ shows the structure of the Ar-propane complex with the argon atom positioned at the coordinates calculated from Kraitchman's method. Since this method gave an imaginary value of x ␣ , x ␣ was set equal to zero, locating the argon atom within the propane symmetry plane. From the values of x ␤ and x ␥ , the distance between the centers of mass, R cm , is calculated to be 3.83 Å, and the angle between the propane ␤ axis and the van der Waals bond axis ͓see Fig.  2͑b͔͒ is either 69°or 111°. Notice that a value of = 111°p ositions the methyl-group carbons toward the argon atom ͑relative to the bc plane of the complex͒, but = 69°posi-tions them away from the argon. The value of can be established with the additional information available in the rotational constants of the isotopically substituted species, Ar-13 CH 3 CH 2 CH 3 . Comparing these constants with those of the parent species Ar-C 3 H 8 , the coordinates for the 13 C position in the principal axis system of the complex are calculated to be ͑x a , x b , x c ͒ = ͑1.774, 1.272, 0.229͒. It is comforting to note that x b is equal to one-half the distance between the outer carbon atoms in propane ͑perhaps somewhat fortuitously͒ since this agrees with the assumption that the argon is located in the bisecting symmetry plane of the propane. The coordinate x a is the best gauge of the angle ; it should be equal to 1.82 Å if the outer carbons are in the bc plane of the complex ͑1.82 Å is the distance between the propane center of mass and the complex center of mass͒. The fact that x a is less than 1.82 Å implies that the outer carbons are oriented toward the argon atom and, therefore, = 111°, as shown in Fig. 2͑b͒ . Since Kraitchman's method gives an unsatisfactory result for x ␣ , it is useful to calculate a set of rotational constants from the proposed atomic coordinates and compare these directly with the experimental constants. This was done, in the manner described by Suenram et al. for the Ar-formamide complex, 14 by setting up an inertial tensor in the ͑x , y , z͒ frame in terms of the moments of inertia of the propane and a pseudodiatomic moment of inertia for the complex, R cm 2 , where = m propane m Ar / ͑m propane + m Ar ͒. The polar coordinate system used for this calculation is given in Fig. 4 . As before, is the angle between the symmetry axis of the propane and the van der Waals bond axis ͑a axis͒ of the complex. is the projection of the van der Waals bond axis onto the ␣␥ axis plane of the propane.
The Kraitchman coordinates for argon ͑x ␣ , x ␤ , x ␥ ͒ = ͑0 Å , 1.375 Å , 3.575 Å͒ correspond to the polar coordinates, ͑R cm , , ͒ = ͑3.830 Å , 111°, 0°͒. The moments of inertia of propane needed to calculate the inertial tensor are derived from the rotational constants given in Table VI . Diagonalizing the inertial tensor gives the principal moments of inertia of the complex from which rotational constants can be calculated; these are given in the second column of Table VII. As expected, the agreement is not particularly good because we had to assume that x ␣ =0 ͑ =0°͒, so we next varied R cm , , and until the difference between the observed and calculated constants was minimized. The new effective coordinates are ͑R cm , , ͒ = ͑3.823 Å , 108.7°, 0.5°͒. The rotational constants of Ar-13 CH 3 CH 2 CH 3 were calculated with both the original substitution coordinates and the refined coordinates. The agreement again is much improved for the latter, and this increases our confidence in the structural determination.
An effective value of = 108.7°is unexpectedly large for an equilibrium structure which has the argon atom positioned directly above the center of mass of the propane ͑ =90°͒, Coordinates adjusted to get a better fit to the rotational constants: ͑R , , ͒ = ͑3.823 Å , 108.7°, 0.5°͒. but is quite reasonable for an argon equilibrium position which is equally distant from each carbon. A simple geometric calculation shows that argon will be equidistant from all three carbons when = 102°. If one acknowledges that the intermolecular interaction strength is dependent on the atomic polarizabilities, which are larger for heavier atoms, this equilibrium structure makes some sense. The difference between this and the measured value of 109°is only 7°, which is similar to the vibrationally averaged bending angle found for Ar-CO 2 . In that complex, the equilibrium structure is T shaped and the observed angle relative to the T shape is about 9.6°. 13 Thus, the data for Ar-propane points to an equilibrium position of = 102°. Unfortunately, both the Ne-propane data and theoretical calculations disagree with this conclusion or, at least, indicate a more complicated situation.
B. Neon-propane complexes
The A rotational constants of 20 Ne-C 3 H 8 and 22 Ne-C 3 H 8 differ from the C rotational constant of propane by more than 200 MHz; this difference is only about 100 MHz in Ar-C 3 H 8 , suggesting that the neon atom is offset by a significantly greater angle from the C axis of the propane. Comparing the rotational constants of the ground tunneling state of 20 Ne-C 3 H 8 with those of C 3 H 8 , Kraitchman's method gives the coordinates for the neon atom in the principal axis system of the propane:
Thus, ͑R cm , , ͒ = ͑3.698 Å , 118.2°, 2.5°͒. The rotational constants calculated using the neon coordinates given by Kraitchman's method are given in Table VII . In this case, the rotational constants were reproduced rather well without further adjustments, presumably because the value of x ␣ is not imaginary and, thus, is more reliable.
R cm is 0.125 Å less for the Ne-C 3 H 8 compared to Ar-C 3 H 8 . This is comparable to the difference of 0.129 Å found for the cyclopropane complexes. 8 The relatively large difference in between Ne-propane and Ar-propane ͑9.5°͒ is problematic. Using the Rg-CO 2 complexes again for comparison, one finds that the observed angle for Ne-CO 2 is only 3°larger than that for Ar-CO 2 . The much larger difference between Ar-propane and Ne-propane suggests that, regardless of the equilibrium position, the potential energy curve along the coordinate is much flatter than that of the CO 2 complexes. This would produce an anomalously large bending angle for both Ar-propane and Ne-propane. Another related possibility is that these anomalous angles are related to the presence of the observable internal motion. We will investigate this further with ab initio calculations.
C. Tunneling motion
We found that the best fit of the Ne-propane transitions resulted when we assumed that the c-type transitions coincided with a change in tunneling state. This implies that the pathway between the two equivalent configurations involves an inversion of the dipole moment along the c axis of the complex, c . Since the dipole moment of propane along its symmetry axis is predominantly responsible for the magnitude of c , this can be accomplished by a rotation of the propane around its a axis.
A group theoretical analysis shows how the presence of an internal rotation motion within the complex leads to the spectra that we observe. This analysis is similar to that done for Ne-13 CH 2 CH 2 CH 2 in which the assumed tunneling motion is a cyclopropane rotation around its symmetry axis; 8 the reader is referred to that paper and also the text by Bunker 15 for more details. Given the symmetry of the proposed structure of Ne-propane, the sets of identical nuclei are: ͓1,4͔, ͓2,3,5,6͔, ͓7,8͔, and ͓9,10͔; the numbering of the nuclei are given in Fig. 5 . There are a total of four permutation operations which result in configurations than can be obtained by overall rotation of the complex together with the specified internal rotation motion. One of the permutation operations is depicted in Fig. 5 . These four operations form a group which is isomorphic with the C 2v molecular symmetry group, the character table for which is given in Table VIII. The total wave function for Ne propane with an internal rotation is tot = elec vib rot nspin tun . ͑3͒
The symmetry of this wave function must be symmetric or antisymmetric with respect to exchange of nuclei. Therefore, one finds that the reducible representation of the total wave function must be
The reducible representation of the nuclear spin states is ⌫ nspin =84A 1 52A 2 60B 1 60B 2 , and the symmetries of elec and vib are both A 1 because the complex is in the 
When ⌫ tun = B 1 , then the nuclear spin wave function can have either B 1 or B 2 symmetry. The nuclear spin representations and statistical weights for the energy levels are given in Table IX. The allowed transitions, shown in Fig. 3 , are such that the nuclear spin symmetry does not change, so the allowed a-type transitions are within the tunneling states and the allowed c-type transitions change tunneling state. Thus, the splittings observed in the c-type transitions include the energy difference of the tunneling states and will be much larger than those of the a-type transitions which are governed by small differences in rotational constants. Since the splittings are unobservable for Ar-propane, ⌬E must be less than or on the order of 10 kHz. This is much different from the value of ⌬E = 48 MHz found for 20 Ne-propane. This information will be valuable in our analysis of the theoretical calculations given in the next section.
V. AB INITIO CALCULATIONS
From the above structural analysis, we find that we cannot definitively determine the equilibrium position of the argon atom relative to the propane molecule. Yet, we do have a lot of information about the intermolecular potential. We know, for instance, that the angular orientation of the rare gas atom is unusually different in Ne-propane compared to Arpropane. We also know that the potential is flat enough to allow internal rotation of the propane within the Ne-propane complex and that the internal rotation inverts the dipole moment of the propane. The question we pose for theoretical analysis is simple: Can a theoretical potential explain the experimental results?
Ab initio calculations were done for the Ar-propane and Ne-propane complexes to find the global and local minima and relevant barriers. One-dimensional potential curves were also mapped out in a few places. Interaction energies ͑E int ͒ were calculated with the supermolecular method, E int = dimer energy-͑propane energy + rare gas energy͒.
͑6͒
All energies were computed at the CCSD͑T͒/aug-cc-pVTZ level of theory ͑coupled-cluster with single and double excitations and noniterative triples correction/Dunning's correlation consistent-polarized valence triple zeta basis set augmented with a set of diffuse basis functions͒. The structure of the propane monomer was held fixed at its C 2v equilibrium geometry, in which the bond lengths and angles were numerically optimized in a prior calculation at the CCSD͑T͒/ cc-pVTZ level of theory. E int was corrected for basis set superposition error ͑BSSE͒ with the counterpoise method of Boys and Bernardi. 16 Computations were performed with the MOLPRO 2006.1 software package. 17 Global and local minima in the interaction energy were found by using MOLPRO's ability to numerically minimize the BSSE-corrected interaction energies. Various initial geometries were used in the optimizations in order to locate the global and local minima. Barriers separating these minima were estimated by scanning through appropriate values of and while optimizing the radial coordinate R cm at each , pair. Convergence of E int with respect to the basis set was tested at a few geometries, including minima and barriers, by supplementing the aug-cc-pVTZ basis set with Tao's set of 3s3p2d bond functions halfway between the rare gas atom and the center of mass of the propane. 18 Including these functions lowered E int by only 7%-8% at all test geometries, indicating that the CCSD͑T͒/aug-cc-pVTZ computations capture a substantial fraction of the intermolecular interaction. As examples, Table X gives optimized geometry parameters and interaction energies of the global minimum for Arpropane and Ne-propane for the aug-cc-pVDZ and aug- 
ccpVTZ basis sets and their bond function analogs. For comparison, aug-cc-pVQZ data are also included for Nepropane; computations for Ar-propane using the aug-ccpVQZ basis set were not carried out due to their prohibitive memory and disk requirements. Figure 6 shows the location of the five local minima found for Ar-propane and the potential energy relative to the separate subunits. The minimized center-of-mass distances between argon and propane are also given for these minima. The global minimum has the argon atom placed above the plane of the propane carbons and shifted about 2°from the c axis of the propane toward the methyl groups; ͑R cm , , ͒ = ͑3.740 Å , 92.3°, 0°͒. Ne-propane is qualitatively similar with a minimum structure of ͑R cm , , ͒ = ͑3.482 Å , 92.6°, 0°͒. The energies of the local minima at positions ͑b͒ and ͑d͒ are similar to each other as are the energies at positions ͑c͒ and ͑e͒. This is clearly related to the number of close C-Ar interactions in a particular configuration, one in the first case and two in the second case. Thus, the position of the argon at the global minimum is due simply to the occurrence of three close C-Ar interactions at that location.
The barriers between the global minimum and local minima ͑b͒ and ͑d͒ are both high, so we can discount these as pathways for internal motion. The other two pathways, to positions ͑c͒ and ͑e͒, are more probable. The barrier to point ͑c͒ is lowest, but the reduced mass for the motion over that barrier, given by the moment of inertia around the bond axis, is more than 1.5 times higher than that for the motion over the barrier to position ͑e͒ and this results in a higher effective barrier. Thus, internal motion through position ͑e͒ is most likely, as also suggested by the experimental results.
Ignoring the propane vibrational modes, there will be three vibrational normal modes in the complex associated with the van der Waals interaction. It is likely that each mode has both angular and radial components. The fact that the equilibrium value of R cm depends strongly on the angular position of the argon ͑see Fig. 6͒ is convincing theoretical evidence that the angular and radial motions are strongly coupled. We hope to do a complete vibrational analysis in the future, but to gain some insight into the dynamics of the complex now, we will consider motions in the R cm , , and directions separately. In the process, we will qualitatively explain certain features of the experimental results, particularly the observed splittings in Ne-propane.
The potential energy curve for the path described by the angle is especially interesting because of its relationship to the proposed internal motion within the complex. Ab initio potential energy curves calculated for Ar-propane and Nepropane are given in Fig. 7 . is set at 0°, but R cm is reoptimized at each value of in an attempt to incorporate some of the radial dependence into the potential. We see that the barriers to a motion between the two minima are 92 cm −1 for Ar-propane and 42 cm −1 for Ne-propane. A cosine series using 11 terms was fitted to the calculated points to obtain a smooth curve, A n cos n. ͑7͒
This curve was then used to calculate the vibrational energies and vibrationally averaged bending angle for the motion. If the angular motion of the argon is treated as a particle in a ring in the presence of a periodic potential V͑͒, the Hamiltonian will be
The Schroedinger equation was solved using a basis set composed of the eigenfunctions for a two-dimensional rotor,
Over 50 functions were needed to obtain a converged energy for the ground vibrational state of Ar-propane and over 35 were needed for Ne-propane. This large number is due to the poor choice of this basis set-the internal rotation of the propane is not well characterized as a free rotor-but it is a complete and intuitively convenient set to use. 22 Ne-propane and found to be 38.1 MHz. These splittings are in good qualitative agreement with our observations in which ⌬E for Ar-propane is too small to be measured, ⌬E = 48.6 MHz for 20 Ne-propane, and ⌬E = 42.1 MHz for 22 Ne-propane. This is quite a sensitive test of the accuracy of the calculated potential and also suggests that the one-dimensional model of the internal motion reflects the true nature of that motion.
Rotational constants calculated from an ab initio equilibrium structure cannot be compared directly with experimental values because the latter result from a vibrationally averaged structure. The ab initio results can be corrected by calculating rotational constants for each set of R cm and values along the potential curve given in Fig. 7 , fitting a suitable function to the resulting points, and then calculating the expectation value for that function. The A rotational constant is least dependent on R cm , so the expectation value for that constant, ͗A͘, will be compared to the experimental value. For Ar-propane, we find ͗A͘ = 7302.9 MHz which is 250 MHz below the experimental value, and for Ne-propane, ͗A͘ = 7496.8 MHz which is 180 MHz below the experimental value. Vibrationally averaged angles around the equilibrium position, derived from ͗A͘, are 6.9°for Ar-propane and 9.7°f or Ne-propane. These angles are typical of van der Waals bending vibrations. For example, in the Rg-CO 2 complexes, which have T-shaped equilibrium structures, the observed bending angles are 9.60°and 7.13°away from equilibrium for Ar-CO 2 and for Ne-CO 2 , respectively. 11 Unfortunately, the experimental values found for the Rg-propane complexes are much larger; using the ab initio equilibrium angle, the observed bending angle derived from the rotational constants is 16.4°for Ar-propane and 25.9°for Ne-propane. It is difficult to understand this discrepancy particularly when the calculated potential predicted the tunneling splitting so well.
The radial dependence of the ab initio potential at a given value of is given in Fig. 8 for two values ͑with set at 0°͒. These curves were fit to a Morse potential function V Morse , and the Schroedinger equation,
was solved using a shooting method 19 to find the energy of the first vibrational state and the expectation value of the argon radial position in that state. For the radial function at = 92.3°and = 0°, =42 cm −1 and ͗R 2 ͘ 1/2 = 3.786 Å. The value of is typical for a van der Waals stretching vibration. In fact, one obtains an experimental value of =41 cm −1 calculated from the centrifugal distortion constant: 10
is lower than the experimental value of R cm = 3.823 Å, but, since the equilibrium value of R cm gets larger as moves away from its equilibrium position ͑see Fig. 8͒ , it is likely that an analysis that takes into account coupling of the radial and angular motions will increase R cm . Values of and ͗R 2 ͘ 1/2 were also calculated for Ne-propane and were found to be 35.6 cm −1 and 3.592 Å, respectively. These compare to experimental values of = 33.4 cm −1 and R cm = 3.698 Å.
VI. RELATED WORK
In this section, we briefly compare the Rg-propane complexes with two related complexes, Rg-cyclopropane 8 and Rg-difluoromethane.
20
A. Ar cyclopropane and Ne cyclopropane
The Rg-propane and Rg-cyclopropane systems are very similar. In both cases, the general structure has the rare gas atom positioned above the plane of the carbons. The centerof-mass van der Waals bond distances for the two systems are summarized in Table XI . R cm is smaller for cyclopropane suggesting that the van der Waals bond is slightly stronger. Since Rg-cyclopropane is a symmetric top, the A rotational constant could not be determined. Therefore, the vibra- tionally averaged position of the rare gas lateral to the plane of the cyclopropane carbons was not determined. Xu and Jäger 8 observed splittings of a-type transitions on the order of 1 MHz in all of the Ne-cyclopropane complexes. We did not observe these transitions in Ne-propane, but they can be predicted from the measured constants and are found to be somewhat higher. For example, the splitting of the 3 03 -2 02 transition is predicted to be about 3.4 MHz. This suggests a lower effective barrier to the internal motion which is consistent with a lower intermolecular interaction energy in Ne-propane. Although allowed, c-type transitions were not observed in Ne-13 CH 2 -CH 2 -CH 2 , so some details about the tunneling could not be established. The authors assumed an internal rotation around the symmetry axis of 13 CH 2 -CH 2 -CH 2 in their discussion, but an internal rotation around an axis perpendicular to the symmetry axis, similar to what we observe in Ar-propane, would not be ruled out.
B. Ar difluoromethane
There are some interesting similarities between the Rg-C 3 H 8 system and Ar-CH 2 F 2 . 20 In both, the argon is positioned above the plane of the heavy atoms, but away from the methylene hydrogens. In order to make a clearer comparison, we fit the observed rotational constants of Ar-CH 2 F 2 using the same coordinate system used for Ar-C 3 H 8 . Just as in propane, the b axis of CH 2 F 2 is the symmetry axis and the c axis is perpendicular to the plane of the heavy atoms. Setting = 0°, we obtained ͑R cm , , ͒ = ͑3.491 Å , 121.92°, 0°͒ with an rms deviation of 2.8 MHz. R cm is much smaller and is larger than that found for Ar-C 3 H 8 ; both differences are presumably due to the lack of interference from methyl hydrogens in Ar-CH 2 F 2 .
The spectral features of the Ar-CH 2 F 2 complex are very similar to those observed for Ne-C 3 H 8 in that a set of split c-type transitions were measured, but the splittings are larger. In the case of Ar-CH 2 F 2 , ⌬E was found to be 193 MHz. Therefore, the same type of internal motion, involving a rotation of the molecular subunit around its a axis, is in evidence and the barrier appears to be low, closer to that of Ne-C 3 H 8 than Ar-C 3 H 8 . It is likely that the lower barrier in Ar-CH 2 F 2 relative to Ar-C 3 H 8 is also due to the lack of interference from the methyl hydrogens.
VII. CONCLUSIONS
We find that the ab initio calculations for Ar-propane and Ne-propane have been successful in some respects, but less so in others. The observed tunneling splittings seem to be well supported by a one-dimensional potential model. This could be fortuitous, but the idea that the internal dynamics can be viewed as a strongly hindered rotation of the propane molecule around its a axis seems to be accurate. We expect that extending this work to a three-dimensional analysis using the same level of ab initio calculations will not change this view. The calculated van der Waals bond length also seems to be reasonable. Although the vibrationally averaged values of R cm were calculated to be lower than the observed values, including the angular dependence with a threedimensional model should improve this.
The major discrepancy between theory and experiment is in the angular orientation of the argon atom relative to the propane molecule; the calculated vibrationally averaged angles are much smaller then the observed values. At this point, it is not obvious how better theoretical calculations would improve this. We have found that increasing the size of the basis set could affect the barrier height, but a lower barrier, which could increase the vibrationally averaged angle , would also increase the tunneling splittings. Only a dramatic change in the shape of the potential near the minimum might increase while keeping ⌬E the same-and this would suggest a major problem with the ab initio results. There could be some improvement if a full threedimensional analysis were done so that angular-radial coupling could be included in an appropriate manner. We are now in the process of doing this, because, if such an analysis does not take care of this discrepancy, we will have to look much harder at the accuracy of the calculated intermolecular potential. 
